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Abstract

We present measurements of the masses and widths of the four states Σ
(∗)±
b in decays to Λ0

bπ
±. The

analysis is based on a data sample corresponding to an integrated luminosity of
R

L dt ≈ 6.0 fb−1.
We measure the four Λ0

bπ
± resonant states masses to be:

m(Σ+
b ) = 5811.2+0.9

−0.8 (stat)± 1.7 (syst) MeV/c2

m(Σ−

b ) = 5815.5+0.6
−0.5 (stat)± 1.7 (syst) MeV/c2

m(Σ∗+
b ) = 5832.0± 0.7 (stat)± 1.8 (syst) MeV/c2

m(Σ∗−

b ) = 5835.0± 0.6 (stat)± 1.8 (syst) MeV/c2

We report the first measurement of isospin mass splittings for the JP = 1
2

+
and JP = 3

2

+
isospin

multiplets of Σ
(∗)
b bottom baryons to be:

m(Σ+
b )−m(Σ−

b ) = −4.2+1.1
−0.9 (stat)+0.07

−0.09 (syst) MeV/c2

m(Σ∗+
b )−m(Σ∗−

b ) = −3.0± 0.9 (stat)+0.12
−0.13 (syst) MeV/c2

We also report the first measurement of the widths of these states:

Γ(Σ+
b ) = 9.2+3.8

−2.9 (stat)+1.0
−1.1 (syst) MeV/c2

Γ(Σ−

b ) = 4.3+3.1
−2.1 (stat)+1.0

−1.1 (syst) MeV/c2

Γ(Σ∗+
b ) = 10.4+2.7

−2.2 (stat)+0.8
−1.2 (syst) MeV/c2

Γ(Σ∗−

b ) = 6.4+2.2
−1.8 (stat)+0.7

−1.1 (syst) MeV/c2
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I. INTRODUCTION

The heavy baryons with a single heavy quark are the helium atoms of QCD with nucleus as a heavy quark Q and
two orbiting electrons as a light diquark q1q2. The heavy quark in the baryon may be used as a probe of a confinement
which at least will allow us to study a non-perturbative QCD somewhat deeper than we do it with light baryons.

The remarkable achievements in a theory of heavy quark hadrons have been made when it was realized that a
single heavy quark Q with the mass mQ � ΛQCD in the heavy hadron HQ can be considered as an “essentially static
color source in the hadrons’s rest frame” [1]. Thence the light diquark properties of a charm baryon Λ+

c (Σc) and its
bottom partner Λ0

b (Σb) can be related by an approximate SU(2) symmetry due to c ↔ b quark exchange. Another
symmetry emerges because the spin SQ degree of freedom decouples from the gluon field and SQ generates another
SU(2) symmetry of a light degrees of freedom in the effective field theory of the heavy hadron HQ. The models
having these Heavy Quark Symmetries (HQS) are grouped as Heavy Quark Effective Theories (HQET). Some of the
further original works on HQET can be found in [2],[3],[4],[5] while the comprehensive reviews on the subject with
the references therein are in [6],[7].

As the spin Sqq of a diquark (plus a gluon field) and the one SQ of a heavy quark are decoupled in HQET and
serve as good quantum numbers, heavy baryons can be assigned the quantum numbers SQ, mQ, Sqq, mqq. Therefore
the total spins of the S- wave (lqq = 0, no orbital excitation) baryon multiplets can be expressed as a simple sum
J = SQ + Sqq. Then the singlet Λ0

b baryon with quark content b[ud] according to HQET has spin of the heavy quark

to be Sb = 1
2

+
and its flavor antisymmetric [ud]- di-quark has a spin of S[ud] = 0. At these conditions the b- quark

and [ud] make lowest-lying singlet ground state JP = 1
2

+
. The partner of the Λ0

b baryon in the strange quark sector

is the famous Λ0.
The other two states Σb, Σ∗

b with the quark content b{q1q2}, a heavy quark spin Sb = 1
2

+
and a spin of the flavor

symmetric di-quark S{q1q2} = 1+ constitute two isospin I = 1 triplets with the total spin JP = 1
2

+
and JP = 3

2

+
.

These states are the lowest-lying S- wave states which can decay to the singlet Λ0
b via strong processes involving soft

pion emissions provided sufficient phase space is available for a given mode (see Fig. 1). According to an established

nomenclature Σb, Σ∗
b are the resonance states. The partners of Σ

(∗)
b states in the strange quark sector are Σ(∗)

resonances though one has to mention that [8] the JP = 1
2

+
states Σ are light enough to decay only weakly or

radiatively and only JP = 3
2

+
states Σ(1385) do decay strongly via Λ0π mode.

Some recent HQET calculations for bottom baryons are done in [9],[10],[11], [12],[13]. The mass spectra of single
heavy quark baryons with HQET calculated in combined expansions in 1/mQ, 1/Nc are presented in [14],[15],[16].

In potential quark model the mass differences like ΣQ −ΛQ, Σ∗
Q −ΣQ are accounted largely by hyperfine splittings,

hence the mass differences scale as 1/mQ. Some of recent predictions based on potential quark models have been
published by [17], [18],[19], [20],[21],[22],[23], [24],[25],[26]. The authors of [27] (see references herein) employ the
constituent quark model and solve the three-quark problem exactly.

The interesting QCD string quark model is used by in [28],[29] to calculate masses of the heavy baryons.
There are striking regularities in the masses and mass differences of known hadrons. Some of these regularities can

be understood from known general properties of the interactions of quarks without a need to specify the explicit form
of the Hamiltonian. Following this minimalist approach the authors [30],[31],[32] use semi-empirical mass formulas to
predict the spectrum of heavy c- and b- baryons.

The non-perturbative formalism of QCD sum rules [33],[34] has been further developed by B. L. Ioffe [35] for
baryons. Inspired by the recent experimental results (see e.g. [36]) X. Liu et al. [37] (see also a trail of references
herein) applied the QCD sum rules approach in HQET. Another method within QCD sum rules have been used
by [38] (see also references herein) to calculate mass spectra of the heavy baryons ΛQ and ΣQ.

The lattice non-relativistic QCD (NRQCD) calculations for bottom baryons have been quite successful in [39],[40]
though the statistical and systematic Al uncertainties are typically large and exceed the errors of the experimental
measurements.

The recent comprehensive review on experimental and theoretical status of baryon spectroscopy can be found in [41]
with many useful references therein.

Few of the theoretical predictions on Λ0
b and Σb masses from the sources discussed above are shown in the Table I.

The mass splitting between members of I = 1 isospin triplets Σ
(∗)
b is expected to be determined by the electro-

magnetic interactions between light quarks, due to an intrinsic mass difference between the light u and d quarks and
other non-perturbative QCD contributions, please see [42] and references therein. As the d- quark is heavier than the

u- partner, the Σ
(∗)−
b states with b{dd} quarks are expected to be heavier than the corresponding Σ

(∗)+
b ones with

b{uu} quark content. The experimental measurement of this value could provide an additional insight into interplay
between electromagnetic and strong contributions leading to the mass differences within baryon isospin triplets. The
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FIG. 1: The pion transitions of low lying S-wave Σ
(∗)
b states and a first orbital P-wave excitations Λ∗0

b . The shown resonance
states undergo the strong decays to the lowest lying singlet Λ0

b provided the necessary phase space volume available.

available for Σ
(∗)
b baryons quark model predictions [43], [44], [45], [46] are listed in the Table II.

The description of the strong decays of baryon resonances is a difficult theoretical task [19]. Few of available
theoretical predictions on natural widths are arranged into the Table III.

A. Motivation of the Experimental Study

This study succeeds the CDF publication [36] on a discovery of Σ
(∗)
b states.

We intend to confirm the observation of those states using a larger data-sample, address critical points [41] of the

published [36] analysis and proceed with measurements of properties of Σ
(∗)
b resonances.

The scope of the presented below analysis includes the items:

• Use all data collected by CDF comprising a total luminosity
∫

L dt = 6 fb−1.

• Perform fits of Σ
(∗)
b Q- value spectra for every isospin partner state, Σ

(∗)+
b and Σ

(∗)−
b , independently and without

constrain on the mass difference ∆ = M(Σ∗
b ) − M(Σb).
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Reference M(Λ0
b), M(Σb,

1
2

+
), Q, M(Σ∗

b ,
3
2

+
), Q∗,

MeV/c2 MeV/c2 MeV/c2 MeV/c2 MeV/c2

Faustov [11, 12] 5622 5805 43.4 5834 72.4
Karliner [23] 5619.7 [61] (CDF II) 5814 ∼ 54.7 5836 ∼ 76.7
Narodetskii [28] 5619.7 [61] (CDF II) 5808 [36] (CDF II) ∼ 48.7 5833 73.7
Garcilazo [27] 5624 5789 24.4 5844 79.4
Zhang [38] 5690± 130 5730± 210 −100± 247 5810± 190 −20± 230
Mathur [39] 5672±+108

−110 − 53.4+37
−36 − (Σ∗

b −Σb)
β = 2.3 − 24+13

−12

Σ
(∗)−
b [36] (CDF II) 5619.7± 1.5 5815.2+2.0

−2.0 55.9+1.0
−1.0 5836.4+2.7

−2.6 Q∗± −Q± =

Σ
(∗)+
b [36] (CDF II) 5619.7± 1.5 5807.8+2.6

−2.8 48.5+2.0
−2.2 5829.09+2.3

−2.5 = 21.2+2.0
−1.9

TABLE I: The mass predictions for Σ
(∗)
b states. The Q- value is defined as Q = M(Σ

(∗)
b )−M(Λ0

b)−m(π±)PDG. The CDF II
results [36] are shown in bottom lines. Some models use the CDF II measured Λ0

b mass [61] as an input parameter.

Reference Σ+
b −Σ−

b Σ∗+
b −Σ∗−

b

MeV/c2 MeV/c2

Chan [43] −6.12 −5.82
Lichtenberg [44] −7.1 −6.5
Capstick [45] −5.6 −5.4
Varga [46] −2.51 n/a

TABLE II: The predictions on isospin mass splittings for Σ
(∗)
b states.

• Leave background shapes floating in the fits. Thus we avoid the systematic uncertainty coming from Monte-Carlo
models.

• Confirm the observed signals with the dramatically increased significance.

• Produce the direct mass difference measurements with smaller statistic and systematic uncertainties.

• Measure intrinsic natural widths of both JP = 3
2

+
and JP = 1

2

+
states.

• Based on new mass measurements quote the isospin mass splitting for Σb and Σ∗
b isospin I = 1 triplets.

With the experimental program outlined above we will provide the next input to the theoretical community initiating
the new round of heavy baryon calculations and challenge the model makers with somewhat newer tasks like e.g.
natural width estimates.

II. CDF II DETECTOR AND TRIGGER

The component of the CDF II detector [50] most relevant for this analysis is the tracking system. The tracking
system is embedded into a uniform axial 1.4 T field generated by a super-conducting solenoidal magnet. The inner
tracking volume up to a radius of 22 cm is filled with 6 layers of double-sided silicon micro-strip detectors, the Silicon

Reference Γ(Σb,
1
2

+
), Γ(Σ∗

b ,
3
2

+
),

MeV/c2 MeV/c2

Körner [47] ∼ 8 ∼ 15
Guo [48] (6.73− 13.45) (10.00− 17.74)

C.-W. Hwang [49], Σ
(∗)+
b 4.35 8.50

C.-W. Hwang [49], Σ
(∗)−
b 5.77 10.44

TABLE III: The predictions on natural widths for Σ
(∗)
b states.
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Vertex Detector (SVX II), and the Intermediate Silicon Layers (ISL) [51]. An additional layer of single-sided silicon,
the Layer00 (L00) [51], is mounted directly on the beam-pipe at a radius of 1.5 cm, providing an excellent resolution
of the track impact parameter d0, defined in the transverse plane. The volume between the radii of 40 cm and 137 cm
is instrumented with a drift chamber, the Central Outer Tracker (COT) [52].

A three-tiered trigger system is used for the online event selection. The trigger components important for this
analysis are the eXtremely Fast Tracker (XFT) [53], which, at Level 1 finds tracks with pT > 1.5GeV/c using hits
in four axial super-layers of the COT. The Level 2 Silicon Vertex Trigger (SVT) [54] combines the input from XFT
with r − φ hits from the SVX II detector and recognizes tracks using a large look-up table of hit patterns. The fine
offline-like impact parameter resolution of 30µm allows the selection of long-lived particles at the trigger level.

The events are selected by the Displaced track trigger, which selects events that contain track pairs with a transverse
momentum of each track to be above 2 GeV/c and an impact parameter to be within the range, 120 µm < |d0| < 1 mm.
These tracks are referred to as “trigger tracks”. The Displaced track trigger ensures an enriched sample on b-hadron
decays.

III. DATA SAMPLE & EVENT SELECTION

This analysis is based on an integrated luminosity of 6.0 fb−1 collected with the CDF II detector between March

2002 and February 2010. We study decays in the exclusively full reconstructed decay channel, Σ
(∗)±
b → Λ0

bπ
±
soft,

Λ0
b → Λ+

c π−
b , Λ+

c → pK−π+ [63].
The analysis begins with the reconstruction of the Λ+

c → pK−π+ decay by fitting three tracks to a common vertex.
Then, the Λ0

b → Λ+
c π−

b candidate is subjected to a single π−
b -track vertex fit with the contributing Λ+

c candidate

constrained to its PDG [8] mass. At this stage of the reconstruction at least two tracks within p, K−, π+, π−
b are

demanded to be SVT tracks.
Finally, the Λ0

b candidate is combined with a soft pion track and again the Σ
(∗)±
b → Λ0

bπ
±
soft candidate is subjected

to a single track vertex fit. The signal analysis is performed with the Q-value distributions, Q = m(Λ0
bπ

±
soft)−m(Λ0

b)−
m(π±)PDG where the Λ0

b candidate’s resolution and most of the systematic uncertainties are canceled.

A. Optimization Analysis Requirements

The choice of analysis cuts to identify Λ0
b → Λ+

c π− candidates has been made using the optimization based on the

experimental data only. The figure of merit, S/
√

S + B used during the optimization of cuts set a relation between
the signal S and the background B under the signal both yielded by fits of an invariant mass m(Λ+

c π−) spectrum.
Table IV summarizes the Λ0

b analysis cuts after the optimization. Figure 2 shows the Λ0
b signal after applying the

optimized cuts. The world record yield of the Λ0
b signal in CDF detector amounts to ∼ 16300 candidates with the

integrated luminosity of 6 fb−1 while the S/B is kept of ≈ 1.8.
The random combinations of optimized Λ0

b candidates with π±
soft tracks constitute the dominating background

under Σ
(∗)±
b → Λ0

bπ
±
soft signals [36] as a number of soft tracks are produced in a b-quark hadronization and in the

underlying event. The tracking quality criteria and the analysis cuts applied to the soft pion track are arranged in
the Table IV as well.

IV. FITTER DESCRIPTION

The signals of Σ±
b and Σ∗±

b are reconstructed as two peaks in a Q- value spectrum, Q = m(Λ0
bπ

±
soft)−m(Λ0

b)−m(π±).

Since both states are produced in the vicinity of a threshold at Q ∼ 50MeV/c2 and Q ∼ 70MeV/c2, the signal shape
is modeled with a non-relativistic Breit-Wigner function, modified to account for the pion emitted in a P-wave (see
Sec. IVA). The Breit-Wigner function is further convoluted with the detector resolution described by two Gaussians
with their widths σ1, σ2 and weights g, (1 − g) calculated from Monte-Carlo simulation.

A. P-Wave Modified Breit-Wigner Function

The soft pion in strong decay modes is emitted in a P -wave. We follow an approach proposed by J. D. Jackson [55, 56]
and applied to strange resonance studies. The approach has been employed also by CLEO Collaboration in their
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FIG. 2: Λ0
b signal reconstructed using the total statistics of

R

L dt = 6 fb−1.

analyses on Σc charm baryons [57, 58]. The signal shape reconstructed in P -wave modes is asymmetrical and biased
towards the higher masses due to a well known P - wave factor. To correct out the effect the natural width Γ in the

Breit-Wigner function is factorized with a phenomenological term (
p∗

π

p∗0
π

)
2·L+1

, where p∗π, p∗0π are the momenta of an

emitted in a Σ
(∗)
b rest frame soft pion π off and at the resonance pole mass value.

That is for our case, L = 1, (see [8] for further kinematic calculations) thence

Γ(Q;Q0,Γ0) = Γ0 ·
(

p∗π
p∗0π

)3

,

where Q0 is a mass at the pole, and Γ0 is a corrected width, both are floating fit parameters.

B. Background Model

We use a phenomenological model for the background described by a second order polynomial modulated with a
threshold sqrt- factor, specifically

BGR(Q; thr, C, b1, b2) =
√

(Q + mπ)2 − thr2 ·
(

C + b1 · Q + b2 · (2 · Q2 − 1)
)

,

where C, b1 and b2 are the polynomial (Chebyshev) coefficients and thr is a threshold to be a mass of a pion. We
keep thr fixed to thr = 0.140GeV/c2. As the fitter is expected to run with extended likelihood, one of the polynomial

coefficients, b2 will also be fixed. The term
√

(Q + mπ)2 − thr2 has been used by many experiments (see for example
CLEO analysis [59]) to describe a combinatorial background of 2-body decays near the threshold when the signals
are reconstructed in a mass difference spectra.

V. SIGNIFICANCE

The significance of the observed signals is tested against several null hypothesis using the log-ratio of the minima
likelihoods, L1/L0, reached by the fitter for our base line fit model hypothesis, –log L1 and for a particular null
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Tracks or candidate Cut Quantity value

p, K, π± from N(COT–stereo) hits ≥ 10
Λ0

b → Λ+
c π

−

b , N(COT–axial) hits ≥ 10
Λ+

c → pK−π+ N(r–φ) SVX II hits ≥ 3

|d0| < 0.1 cm
pT > 400 MeV/c

Λ0
b → Λ+

c π
−

b

ct(Λ0
b) > 200µm

ct(Λ0
b)/σct > 12.0

|d0|(Λ0
b) < 80µm

ct(Λ+
c ← Λ0

b) > −150µm
ct(Λ+

c ← Λ0
b) < 250µm

pT (π−

b ) > 1.5 GeV/c
pT (Λ0

b) > 4.0 GeV/c
˛

˛m(Λ+
c π

−)−m(Λ0
b)

˛

˛ < 3 · 19.22 MeV/c2, ±3σ
m(Λ0

b) = 5619.15 MeV/c2

Prob(χ2
3D) of Λ0

b vertex fit > 0.0001

π±

soft from Σ∗±

b

N(COT–stereo) hits no hits found
N(COT–axial) hits no hits found
N(r–φ) SVX II hits ≥ 4

OR

Any of COT, N(COT–stereo) ≥ 1
or N(COT–axial), hits
N(r–φ) SVX II hits ≥ 3

|d0| < 0.1 cm
pT > 200 MeV/c

Σ∗±

b → Λ0
bπ

±

soft

pT (Σ
(∗)
b ) > 4.0 GeV/c

|d0/σd0 |(πsoft) < 3.0
pT (πsoft) < pT (π−

b )

TABLE IV: Final selection cuts after optimization. The track quality requirements for nominal tracks with pT > 400 MeV/c
and for soft tracks with pT > 200 MeV/c are shown. ct is a proper life-time, d0 is an impact parameter of a candidate defined
in a transverse plane.

hypothesis, –log L0 our default base line one is going to be tested against.

−2 · log L0

L1
= −2 · ∆(logL)

We interpret the above written log-ratio as a χ2 of the null hypothesis spectrum to fluctuate to our base signal one with
a number of degrees of freedom equal to the difference in the number of floating parameters between both hypotheses.
We consider the next null hypotheses to estimate significances of the two-peak signal structure or individual peaks of

observed Σ
(∗)±
b states, to be specific

• Any single peak instead of the two ones is observed, the null hypotheses is a single peak p.d.f on top of the
same polynomial background as in the base model: the single peak spectrum fluctuates to two peaks with
∆NDF = 3. The width of the single peak is floating, within Γ0 ∈ (0.001, 0.070)GeV/c2 as well as its position,
Q0 ∈ (0.003, 0.210)GeV/c2. We expect that this test is going to be the most critical one.

• The signal Σ∗
b is observed but the Σb has been missed. The background at the left fluctuates to the peak of

Σb with ∆NDF = 4. We impose a loose requirement on an existence of the second peak, Σ∗
b , i.e. we fix only

the width of Σ∗
b to the expected theoretical value of 12MeV/c2 but let the fitter to find and fit the Σ∗

b position
which is again floating, within Q0 ∈ (0.003, 0.210)GeV/c2.

• The signal Σb is observed but the Σ∗
b has been missed. The background at the right fluctuates to the peak of

Σ∗
b with ∆NDF = 4. We impose a loose requirement on an existence of the first peak, Σb, i.e. we fix only the

width of Σb to the expected theoretical value of 7MeV/c2 but let the fitter to find and fit the Σb position which
is again floating, within Q0 ∈ (0.003, 0.210)GeV/c2.
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Null Hypo. −2 ·∆(logL) ∆NDF Prob(χ2) Nσ Comment

Any single peak −2 · (−32) 3 ≈ 8.2 · 10−14 7.5 w.r.t. double pk.

No Σ−

b , with Σ∗−

b −2 · (−35) 4 ≈ 2.3 · 10−14 7.6 w.r.t. double pk.
Γ02 = 12MeV/c2

No Σ∗−

b , with Σ−

b −2 · (−57) 4 ≈ 1.0 · 10−23 10.0 w.r.t. double pk.
Γ01 = 7MeV/c2

No signals −2 · (−55) 3 ≈ 1.1 · 10−23 10.0 w.r.t. single pk.

No signals −2 · (−87) 6 ≈ 6.4 · 10−35 12.3 w.r.t. double pk.

TABLE V: Tests of the baseline Σ
(∗)−
b fit results against several null hypothesis. Robust significance above Gaussian 7.0σ is

found.

Null Hypo. −2 ·∆(logL) ∆NDF Prob(χ2) Nσ Comment

Any single peak −2 · (−30) 3 ≈ 5.9 · 10−13 7.2 w.r.t. double pk.

No Σ+
b , with Σ∗+

b −2 · (−33) 4 ≈ 1.6 · 10−13 7.4 w.r.t. double pk.
Γ02 = 12 MeV/c2

No Σ∗+
b , with Σ+

b −2 · (−84) 4 ≈ 2.8 · 10−35 12.4 w.r.t. double pk.
Γ01 = 7 MeV/c2

No signals −2 · (−79) 3 ≈ 4.9 · 10−34 12.2 w.r.t. single pk.

No signals −2 · (−109) 6 ≈ 2.8 · 10−44 14.0 w.r.t. double pk.

TABLE VI: Tests of the baseline Σ
(∗)+
b fit results against several null hypothesis. Robust significance above Gaussian 7.0σ is

found.

• Any single peak is observed, the null hypotheses is our base background model: the background fluctuates to
this single peak with ∆NDF = 3. This test should determine the significance of a single peak model w.r.t. to a
pure background.

• Neither Σb and Σ∗
b are observed, the null hypotheses is our base line background model: the background

fluctuates to two peaks with ∆NDF = 6. This test is expected to be the least critical one.

Tables V and VI summarize the results of these tests. For every null hypothesis tested the significance is above 7.0σ
in Gaussian terms.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in this analysis come from three sources:

• Fit bias: we have tested a performance of our unbinned likelihood fitter running it with 10000 statistical trials,
the fitter behaves stable, though reveals a small bias for a width parameter, Γ0. We account this bias as a
systematic uncertainty.

• Uncertainty on the momentum scale.

• Assumptions made about the fitter. These ones include the following:

– Fixed parameters on the fitter describing the resolution of the detector. This is the dominant contribution
to the total systematic uncertainty on the width measurements.

– The model describing the background.
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The effect on the Σ
(∗)
b pole Q0-values uncertainty due to momentum scale is estimated by comparing the differences

of the Q0-values between CDF and the Particle Data Group (PDG) [8] for several other low-energy resonances
(Σ++

c → Λ+
c π+, Σ0

c → Λ+
c π−, Λ∗+

c → Λ+
c π+π− and D∗+ → D0π+). We plot the difference between the CDF and

PDG Q0-values as a function of the Q0-value of the decay, and fit the graph to a linear function. The value of the

function at the measured Σ
(∗)
b pole Q0 incremented with the linear fit error conservatively result the sought piece of

the uncertainty.
Following method used by [60] the D∗+ signal peak in a mass difference, m(D∗+) − m(D0) distribution has been

reconstructed in several bins on the soft pion transverse momentum pT (πsoft). The signal has been subjected to a fit
with the sum of a Breit-Wigner function convoluted with a double Gaussian function to describe the detector resolution
and of a background modeled by a product of an exponential and a power functions. For every of pT (πsoft) bins the fits
find the D∗+ natural widths to be below than 0.2MeV/c2. Furthermore the D∗+ natural width, 0.096±0.022MeV/c2 [8]
is much smaller than a CDF II tracking resolution. Thence the value of 0.2MeV/c2 is assigned as a systematic
uncertainty of the natural width due to a momentum scale of CDF tracker, see also [60] .

The systematic uncertainties related to the assumptions made about the fitter were evaluated by generating many
statistical trials with Q- value spectra distributed according to the signal model but with the changed parameter while
fitting the spectra with the same parameter set as in data.

The uncertainty due to the systematic variation of the parameters describing the resolution is the dominant contri-
bution to the systematic uncertainty on the widths. In order to estimate a systematic uncertainty from this source, we
select the range of variation of these parameters according to the observed differences between data and Monte-Carlo
in the decay D∗± → D0π±. Figure 3 shows these comparison between data and Monte-Carlo.

The systematic uncertainties are summarized in the Table VII.
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FIG. 3: Left hand side plot shows the resolution of the decayD∗+ → D0π+
soft for two data samples taken at different luminosities

and for a Monte-Carlo sample. The right hand side plot shows the resolution ratio between the two different data samples and
between data and Monte-Carlo as well. Note that the resolution is stable for data taken at different times.

VII. RESULTS

Figure 4 shows the Σ
(∗)±
b Q-value distributions with the projection of the unbinned fits superimposed. The

measurement results are arranged in a Table VIII. From the measured Σ
(∗)±
b Q-values we extract the absolute

masses using the PDG value of the π± mass and the best CDF mass measurement for Λ0
b , which is m(Λ0

b) =
(5619.7 ± 1.2 (stat) ± 1.2 (syst)) MeV/c2 [61]. The Λ0

b statistical and systematic uncertainties contribute to the sys-

tematic error on the Σ
(∗)±
b absolute masses.

Using measured Q- values it is straightforward to extract the isospin mass splittings within two isotriplets J P = 1
2

+

and JP = 3
2

+
. For the resulting values, the quoted statistical errors are the corresponding Q- measurements statistical

errors added in quadrature. To quote the systematic error, we added in quadrature the uncertainty due to the assumed
background, while the other uncertainty sources are correlated and their differences are added in quadrature.
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FIG. 4: The Q-value spectra, where Q = M(Λ0
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±)−M(Λ0
b)−mπ± , are shown for Σ

(∗)−
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(∗)+
b (lower

plot) candidates with the projection of the corresponding unbinned likelihood fit superimposed on every plot.
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Signal Parameter Mass Scale Fit Bias Res. Back. Total %

Σ+
b Q, MeV/c2

0.07 0.05 0.09 0.2
−0.35 −0.12 −0.05 −0.37 1

Σ+
b Γ, MeV/c2

0.20 0.94 0.40 1.04 11
−0.20 −0.38 −0.89 −0.40 −1.07 12

Σ+
b events

16 9 18 4
−11 −9 −15 3

Σ−

b Q, MeV/c2
0.05 0.04 0.07 0.1

−0.38 −0.07 −0.04 −0.39 1

Σ−

b Γ, MeV/c2
0.20 0.85 0.50 1.01 23
−0.20 −0.27 −0.87 −0.50 −1.06 25

Σ−

b events
9 34 35 11
−8 −34 −35 10

Σ∗+
b Q, MeV/c2

0.06 0.10 0.12 0.2
−0.52 −0.13 −0.10 −0.55 1

Σ∗+
b Γ, MeV/c2

0.20 0.64 0.50 0.83 8
−0.20 −0.29 −1.01 −0.50 −1.18 11

Σ∗+
b events

7 24 25 3
−13 −24 −27 4

Σ∗−

b Q, MeV/c2
0.06 0.06 0.08 0.1

−0.56 −0.08 −0.06 −0.57 1

Σ∗−

b Γ, MeV/c2
0.20 0.65 0.30 0.74 12
−0.20 −0.23 −0.96 −0.30 −1.05 16

Σ∗−

b events
7 28 29 6
−8 −28 −29 6

TABLE VII: Summary of the systematic errors. For every parameter, the systematic errors associated with the corresponding
uncertainty sources are listed in the following order: mass scale, fit procedure, resolution and assumed background. The total
systematic error is obtained by adding all the associated errors in quadrature. The last column shows, for every parameter,
the % of the total systematic uncertainty with respect the measured value for this parameter.

State Q-value, Absolute Mass, Natural Width, Yield,
MeV/c2 m, MeV/c2 Γ, MeV/c2 num. of cands.

Σ+
b 52.0+0.9

−0.8
+0.09
−0.4 5811.2+0.9

−0.8 ± 1.7 9.2+3.8
−2.9

+1.0
−1.1 468+110

−95
+18
−15

Σ−

b 56.2+0.6
−0.5

+0.07
−0.4 5815.5+0.6

−0.5 ± 1.7 4.3+3.1
−2.1

+1.0
−1.1 333+93

−73 ± 35

Σ∗+
b 72.7± 0.7+0.12

−0.6 5832.0± 0.7± 1.8 10.4+2.7
−2.2

+0.8
−1.2 782+114

−103
+25
−27

Σ∗−

b 75.7± 0.6+0.08
−0.6 5835.0± 0.6± 1.8 6.4+2.2

−1.8
+0.7
−1.1 522+85

−76 ± 29

Isospin Mass Splitting, MeV/c2

m(Σ+
b ) - m(Σ−

b ) −4.2+1.1
−0.9

+0.07
−0.09

m(Σ∗+
b ) - m(Σ∗−

b ) −3.0± 0.9+0.12
−0.13

TABLE VIII: Summary of the final results. Masses and widths are in MeV/c2. In all the quoted values the first uncertainty is
statistical and the second one is systematic.

VIII. CONCLUSION

In a conclusion, we have measured the Σ
(∗)±
b bottom baryons using a sample of ∼ 16300 Λ0

b candidates identified

in Λ0
b → Λ+

c π− mode. The sample corresponds to an integrated luminosity of 6 fb−1.

The first observation of Σ
(∗)±
b bottom baryons made by CDF Collaboration [36] has been confirmed with the every

individual signal reconstructed at a significance of >∼ 7σ in Gaussian terms.
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The direct mass difference measurements have been found with the statistical precision by a factor of >∼ 2.3 better
w.r.t. to the published [36] numbers and according to the amount of the statistics available. The measurements are
in a good agreement with the previously found results [36].

The isospin mass splittings within I = 1 triplets Σb and Σ∗
b have been extracted for the first time. The precision of

the experimental values is as good as the ones quoted by PDG [8] for Σc states. The Σ
(∗)−
b states have a higher mass

value than their Σ
(∗)+
b partners following [42] a well known pattern of any known isospin multiplet and contrary to

their charm partners [8], Σc where the supposedly natural order of masses within isotriplets is still violated [62].
The natural widths of both Σ±

b and Σ∗±
b states have been measured for the first time. The measurements are in a

agreement with the theoretical expectations, see the Table III.
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